In view to enhance its experience in the field of characterization of asphalt mixes and to develop new test methods, RTE (the central laboratory of SCREG) has acquired a universal testing machine designed to conduct indirect tensile stiffness modulus testing. The interest of this technique is that it is time-saving compared to complex modulus and direct tension modulus tests. It also makes it possible to use both moulded or cored samples ( cored samples are actually easier to make). It also facilitates the monitoring of work on site, because it is possible to measure the modulus directly on cores taken in situ from the pavement. Nevertheless, in spite of the standards' guidelines, there are still many ways to carry out the test using different loading signals and specimen sizes. It is also important to establish a possible correlation with other commonly used tests in France. We have studied a possible correlation with direct tension modulus measurement using the MAER (servo-controlled machine for rheological tests). A comparison has also been made between two completely different methods of modulus measurement in light of the fact that direct tension leads to a fairly homogenous stress distribution in samples, and does not require previous knowledge of Poisson's ratio. This article presents the first results obtained, mainly regarding hot mixes, but also cold mixes.
Introduction
Indirect tensile stiffness modulus is not included in the French method for bituminous formulation, because this property is measured either in direct tension on cylindrical specimens or in flexion on trapezoidal samples. This article studies the correlation existing between this method, which will soon be part of the industry-wide European standards, and the direct tension modulus test. We present the point of view of a private company laboratory which, when improving its know-how in new tests methods, must not only have a good theoretical knowledge of the test, but must also comply with standard specifications. The correlations proposed -although imperfect-are a simple means to promote different techniques to measure modulus. We have worked on various type of mixes commonly used on roadways, with a wide range of modulus values, from 2000 to 20000 MPa at 10°C.
Background

Direct tension modulus test
Direct tension tests have not been widely studied as of yet, but the reader may refer to publications by Linder [1] and Moutier [2] . An important point to report is that the tensile stress distribution is homogeneous inside the specimen, because strain is measured in the third central section of the core to limit possible side effects. Experience indicates that the scattering of the results can be estimated from 5 to 10 %.
This test is conducted with a wide range of temperatures usually from -5 to +15°C, with imposed strain and variable loading time. Master curves make it possible to determine values of the modulus in given conditions, for example at 10 and 15°C for a loading time of 0.02 seconds. These values have been used to determine the correlations hereunder.
Indirect tensile modulus test 2.2.1 Test description
The measurement is conducted by applying a load on a generating line of a cylindrical specimen, and by recording the resulting strain in the plane perpendicular to the loading plane. If we know Poisson's ratio value, specimen size and the load applied, the asphalt mix modulus is calulated with the following formula :
where E modulus (MPa) F peak value of the applied vertical load (N) Poisson ration (0.35) L specimen mean thickness (mm) H amplitude of the horizontal strain during the load cycle (mm)
This simple formula comes from theoretical hypothesis, which supposes a plane stress state and the material is homogeneous and isotropic. The plane stress hypothesis can be applied to a thin sample, but at the same time, we work on asphalt mix cores of variable thickness ( usually 6 to 10 cm for mixes that have a structural effect on pavements).
The stress distribution is very heterogeneous inside the specimen. Maximum stress expands in the core of the specimen, as demonstrated by Monismith [3] . We can then suppose that any specimen which is too thin may greatly increase the uncertainty of measurements and the scattering of results, even more so when the mix includes large aggregates. Theoretically, it is preferable to test a thin slice, but this is practically unfeasible. We therefore conduct the test on 55 to 70 mm thick slices. Thickness does not appear to have any major impact on the results, according to laboratories that carry out this test daily.
Another characteristic of this test is that the Poisson's ratio value of the mix must be known. Unfortunately, this is not often the case and laboratories which try to measure it encounter many difficulties. So we set a value of 0.35, which is the most often selected.
Standards
Two standars cover the indirect tensile modulus test : the british standard DD213 [4] and the ASTM D 4123 [5] . We will give a brief outline of the difference. The ASTM D 4123 standard set a minimal specimen size. For mixes with larger agregate size (D lower than 25mm), it is possible to use a diameter of 102mm and a minimal thickness of 51 mm. For D lower than 38, a diameter of 150 mm will be used with a minimal thickness of 76mm.
Conditioning pulses are applied to obtain stable resilient strains. The test must be conducted at three temperatures and at one loading frequency. Load range is defined as a part of tensile strength, and at least three loadings are necessary to calculate the modulus.
The British standard does not set the sample size. On the other hand, the test temperature (20°C), the pulse repetition period (3+/-0.1 sec) and the rise time (124+/-4 ms) are fixed. The applied load is not specified, but the target level of strain is. Conditioning is carried out with 5 pulses, and the modulus value results from the five consecutive loadings. Two calculations are made on two perpendicular diameters, and the divergence between the two results must be between -20 and +10%. Another important difference between the two standards concerns the calculation of strain [6] . More precise conditions have been recently added to the initial project, mainly regarding pulse shape, relaxation time and the necessity to carry out measurements on the both planes. This last issue has been integrated into the drafts for the future European standard.
Correlation between direct tension and indirect tension modulus tests
Test conditions selected
To determine if there is a correlation between these two measurements methods, we have carried out indirect tension measurements on formulas previously studied for in situ application using direct tensile methods. This approach allowed us to test a wide range of asphalt mixes from cold mixes to very stiff asphalt concrete. For direct tension tests, the conditions were those defined in French standard NF P 98 260-1 [7] . Samples were made with a diameter of 8 cm and a length of 20 cm. For the cold mix materials, tests were conducted at -5 and +10°C. For the hot mixes, range of temperatures was raised to +15°C. We thus calculated the modulus value at 15°C/ 0.02 s, which is directly correlated with the measurement on trapezoidal specimens at 15 ° C/10hz (value selected for pavement design in France [8] ).
Indirect tensile modulus measurement were carried out with a UTM 14P. Software runs the device, records the data, and gives test figures along with the mean value of the modulus (after five pulses). This device makes it possible to adjust the test parameters during conditioning, especially applied load, and ensures a consistent strain level during the five consecutive loadings.
Because we were unable to conduct a full study of the influence of different parameters, such as specimen size, we decided to work on samples with a diameter of 150mm and with thickness ranging from 55 to 70mm. Two samples were 100mm in diameter, because the only way to obtain the target strain figures in high modulus mix was to reduce the size of the sample. Finally, only 2 temperatures were used: 10 and 15°C, with a load rise time of 120ms (the British standard's lowest threshold). The strain was always higher than 45 µstrain, regardless of the mix being tested.
For the direct tension test, 6 samples were cored in 600 400 180 mm 3 slabs. Once the density had been verified, 4 samples were used for measurement. For indirect tension test, samples were moulded using a gyratory compactor with a determined density. Once the samples had been moulded, density was checked geometrically. For cold mixes, samples were cored in a slab after curing. Results presented hereafter are the mean figures from 3 to 4 samples (the number of samples depends on the type of mix). Figure 1 presents the variation in modulus values obtained with the indirect tensile test at 10°C/ 120 ms versus the value calculated in direct tension at 10°C/0.02s, for all the mixes tested.
Results
There is a good correlation between the two values. The same method was used for results obtained at 15°C ( figure 2). In this case, modulus scale is lower, as we could not test cold mixes. We verify alike a little more important dispersion.
Nevertheless, these two diagrams have led us to the followings equations : This first approach is rather simplified, because it neglects the density deviation between the two samples of the same mix. With conventional semi-coarse asphalt concrete made with plain 35/50 bitumen, we have tried to determine the variations of modulus in indirect tension tests versus density. Several samples were moulded with a gyratory compactor and density measured on each specimen before modulus measurements were made at 10 and 15°C. The results are plotted in figure 3 .
Despite the relatively dispersed nature of these results, there is a good correlation between density and modulus in the density range studied. An increase in compacity of one point results in an increase of modulus of 700 MPa at 10°C, and of 600 MPa at 15°C. These values were used to determine whether or not a correction of the samples' density could improve the correlation observed between the two test methods. Figure 4 presents the original figures and the corrected values for modulus. The trend is the same, without any noticeable improvement in standard deviation. We have to note that corrections were made with the idea in mind that that the same law of modulus variation over density is true for all type of binders, a fact that has not yet been fully backed up. Nonetheless, we have obtained a sufficiently close estimate of stiffness modulus determined by direct tension from the indirect tensile test. The latter underestimates what is measured via direct tension. This allows us to use this test method for our new products, and to speed up the selection of formula that we can later validate with the French test. This good correlation, along with the fact that indirect tensile tests seem to underestimate modulus values compared to direct tension, suggests that this testing method could be used alone to validate our mix design. 
Case of cold mixes
Measuring modulus on cold mixes is still difficult because it is necessary to clearly determine the age of the mix and the curing method (may be fresh or under traffic for several months) in addition to the mix formula. Before using the indirect tensile test on cold mixes, the moulding process and the curing process must be determined: 1) The preparation method for samples (either moulded with a set density or cored from slabs after several days) and the curing conditions (temperature, final water content) have a great influence on performance.
2) The evolution of cold mixes means that the variation of their characteristics over time must be monitored. The goal is to define a process that allows us to obtain values in laboratory work that are similar to those obtained on cores taken in situ, thus improving the predictive nature of our study.
These aspects have been studied in the framework of a larger research program [9] However, our goal was to check that the test conditions defined in standards do not damage samples, because it would prevent us from being able to monitor variations in the product's characteristics over time (curing). We have therefore moulded 4 series of 4 samples of a reference grave emulsion, and have cured them at 35°C -20 RH. Three series were used once only to measure the modulus after 21, 60 and 120 days of curing. The last was tested at two temperatures on the same three dates. Results are presented figure 5 , where it can be seen that the batches tested once only still give higher modulus values than the one tested each time. It seems that minor damage occurs with an accumulation of loading, especially if the mix is tested after a very short curing time.
Tests conditions should be stated clearly, and the target strain level is perhaps a bit too high, compared to the load that this kind of product can bear. This raises a few questions about the nondestructive nature of this test, mainly on cold mixes. Figure 5 : Effect of successive loadings on cold mix modulus measurements.
Conclusion
The results presented herein show a good correlation between the indirect and direct tests currently used in France. Two simple laws are proposed to allow for sufficiently accurate estimations of the values that can be obtained with the direct tension test. More tests are necessary to determine whether or not the sample thickness has a limited effect on the result. On the other hand, the results have provided information about the limits of the measuring devices, on which it is difficult to reach target strain mainly on high modulus mixes. Additional tests on samples of different diameters will have to be conducted to confirm equivalence. At that point and time, it will be possible to use this test for all types of mixes. Last but not least, this test can be used for cold mixes, but some damage may occur during the test. It should therefore mainly be used on stabilized (cured) materials. 
